Glass-forming composition ranges in the alloy system Zr-Ni-Al are predicted by applying Miedema's semi-empirical method. The compositional dependence of the formation enthalpies of amorphous ∆H(Amo), solid solution ∆H(SS), and intermetallic compound phases ∆H(Comp) is calculated. We propose that the enthalpy difference parameters of ∆H(SS) − ∆H(Amo), ∆H(Amo) − ∆H(Comp) and simple criteria, including electronegativities, can be used to predict the glass-forming composition ranges (GFR) and the dominant factors determining the glass-forming ability (GFA). The wide GFR in the system, apart from the Al-rich region, and the tendency of the intermetallic compounds to form and constrain any extension of the GFR, are clearly predicted by a combining evaluation of these parameters and the simple criteria. The large negative heat of mixing, the atomic size difference among the constituent elements, and the short-range order stabilize the glassy phase leading to a high GFA of the alloy system. Furthermore, the composition dependence of crystallization temperatures T x and the glass transition temperatures T g can be estimated on the basis of the enthalpy values. Results compare well with the experimental data.
Introduction
The mechanical and thermal properties, crystallization kinetics, and local atomic structures of zirconium-based metallic glassy alloys, such as occur in the systems Zr-Ni-Al 1, 2) and Zr-Cu-Ni-Al, 3, 4) are widely studied because of their high glass-forming ability (hereafter referred as GFA). These glassy alloys can be produced in bulk because of the high thermal stability of the supercooled liquid region as evidenced by the wide temperature interval between the glass transition temperature (T g ) and the crystallization temperature (T x ); ∆T x (= T x − T g ). The development of such bulk metallic glasses occurs where three empirical component rules proposed by Inoue 5) are satisfied: 1) the multicomponent alloy systems consist of more than three elements, 2) there is a significant difference, of ∼ 12%, in the atomic size ratios of the three principal component elements, and 3) negative heats of mixing occur among the elements. Recently, Takeuchi et al. 6) have shown how these three component rules may be extended by involving thermodynamical estimates of the mixing enthalpies and the mismatch entropies of various ternary amorphous alloys. However, these three component rules do not predict the glass-forming composition ranges (hereafter referred as GFR) of themselves. In typical binary amorphous alloys such as Zr-Ni and Zr-Cu systems, Bormann 7, 8) estimated the GFR on the basis of thermodynamics using a T 0 -criterion. 9) However, experimentally determined Gibbs free energy data are required for this method, making it difficult to extend it into ternary alloy systems.
In contrast, Miedema et al. have proposed a theoretical semi-empirical method [10] [11] [12] for the calculation of the formation enthalpies of amorphous phases, primary solid solution phases and stoichiometric intermetallic compounds for A-B type binary alloys, which may well be applicable to ternary situations. In determining the enthalpies, the model includes the fundamental physical parameters of the electron density at the boundary of the Wigner-Seitz atomic cell (n ws ) and the chemical potential for electronic charge (ϕ * ) of the constituent elements, which allow quantitative calculations under the appropriate physical assumptions. The model assumes only the thermodynamic equilibrium of the enthalpies in the system. It does not include the transformation kinetics. Nevertheless it has successfully predicted the GFR of various binary alloy systems, 13, 14) as well as the crystallization temperatures concerned.
15) It also provides a succinct model that includes the short-range order (hereafter referred as SRO) in the liquid or amorphous phase. Up to the present, the method has been used [16] [17] [18] to predict the GFR of ternary glassy alloy systems in which the relative stabilities are considered of the amorphous phase and of the competing primary solid solution phase during rapid solidification. However, for the precise prediction of the GFR, it is also necessary to consider the competition between the amorphous phase and any intermetallic compounds. In the present paper, Miedema's method is used to predict the GFR in Zr-Ni-Al ternary alloys that are known to yield a typical metal-metal type metallic glass. We have intensively explored the dominant thermodynamic factors that influence the GFA and which would be affected by T g , T x and the stability of the intermetallic compounds.
Fundamental Calculations

Formation enthalpies of an amorphous phase, a solid
solution phase, and intermetallic compounds in a ternary system Mathematical formalisms of Miedema's semi-empirical method are precisely described elsewhere. 11) Here we briefly describe the essence of them. In the Miedema's model, the mixing enthalpy for infinite dilute solution of two metals A in B, which is regarded as the interfacial enthalpy of atomic cells, is formulated as
where V A is the molar volume of A atom, n A ws and n B ws , the electron density of atomic cells, and ∆ϕ * the difference of the modified electronegativities between dissimilar atomic cells of A and B atoms. P and Q are constants to be determined empirically; R * is a correction value for an alloy of a transition metal with one of the polyvalent non-transition metals such as Al. Equation (1) shows explicitly that a large ∆ϕ * induces an attractive bonding and a large ∆n ws a repulsive one.
Formation enthalpies of the amorphous phase of the ternary system A-B-C are given as eqs. (2) to (5):
where ∆H Formation enthalpies of a solid solution phase can be derived from:
where ∆H Chem ABC (ss) is the mixing enthalpy equivalent to ∆H Chem ABC (amorphous). ∆H elastic ABC (ss) is the elastic enthalpy arising from the atomic size mismatch expressed as eqs. (7) to (9) :
Here W i is the modified volume whose change, ∆V i , arises from the charge transfer between i-th and j-th elements; G j is the shear modulus and K i the bulk modulus. In the case of the solution of a transition metal in another transition metal, a third term, ∆H Struct ABC (ss), has to be included in order to account for the crystalline structure and valence electrons.
11)
The formation enthalpy of intermetallic compounds in a ternary system is given by:
where f A B represents the extent to which an A atom is surrounded by neighboring B atoms, and is a function of surface fraction of the cells, as defined by eq. (11).
Crystallization temperatures in a binary system
It is assumed that a glass will crystallize when sufficient holes have developed to enable to accommodate the smaller atom involved i.e. the smaller atom can migrate and crystallization be initiated. The crystallization temperature T x for a binary system, A-B, in which A is the smaller atom, can be derived as follows.
If ∆H v (A) and ∆H v (B) are taken as the formation enthalpies of a monovacancy in pure A and in pure B, respectively, then the ∆H v (A vacancy) may be defined as
where f A B represents the SRO in the amorphous phase:
From a least-squares fitting procedure, Weeber et al. 19) obtained the empirical relation between experimentally determined T x and the ∆H v as
with T x in K and ∆H v in kJ·mol −1 . Parameters 11, 12) used in the calculations are tabulated in Table 1 . Figure 1 shows experimentally determined data of GFR in the Zr-Ni-Al system compiled in a database for rapidly quenched (RQ: melt-spun) ternary amorphous alloys. 20) In Fig. 1 the isothermal section of the phase diagram for the ZrNi-Al system at 1073 K has been superimposed and includes stoichiometric intermetallic compounds. 21) The GFR is quite wide and can be divided into Zr-rich and Al-rich regions. The compositional region in which ∆T x (= T x − T g ) ≥ 0 is located in the Zr-rich region.
Results and Discussion
Comparison of calculated GFR with experimental data in the Zr-Ni-Al alloy system
1) The ∆T x value exceeds 50 K and reaches a maximum value of 77 K for Zr 60 Ni 25 Al 15 . It may be noted that these GFRs correspond to relatively less-dense region for the intermetallic compounds. According to binary phase diagrams for the Zr-Ni, Ni-Al and Zr-Al systems, intermetallic compounds with high melting temperatures such as Zr 2 Ni 7 , Ni 3 Al, NiAl and Zr 3 Al 2 occur in Ni-rich and Alrich regions, respectively. The experimental results suggest that the amorphous phase forms preferentially in regions (I) and (IV). On the other hand, intermetallic compounds develop by preference in regions (II) and (III). Figure 2 gives the composition dependence calculated for the formation enthalpies of the amorphous phases of ZrNi-Al alloys, together with those of the primary solid solution. In the calculation an SRO consisting of a Ni-Al and Zr-Al pair is assumed as a result of evidence provided from Atom Probe Field Ion Microscopy (APFIM) observations of a Zr 60 Ni 25 Al 15 alloy. 22) When the formation enthalpy of amorphous phase, ∆H(Amo), is more negative than that of the solid solution phase, ∆H(SS), the amorphous phase is likely to be stable. In other words, the formation of the amorphous phase is preferred in the compositional range where the condition ∆H(SS) − ∆H(Amo) 0 is satisfied. For this reason we introduce a new parameter defined by ∆H(SS) − ∆H(Amo) for estimating the thermodynamic priority of the amorphous phase over that of the primary solid solution. Figure 3 shows the composition dependence of the ∆H(SS) − ∆H(Amo) for an SRO of γ = 5. While the Fig. 1 Experimentally determined glass-forming compositional ranges in Zr-Ni-Al ternary alloys. 20, 21) results are rather complicated, the following points may be noted. Fig. 1 that show the range in which the amorphous phase forms. Figure 4 shows the calculated GFR in the Zr-Ni-Al ternary system which is deduced from the condition of ∆H(SS) − ∆H(Amo) 0. The GFR covers almost the whole of region (I) and half that of (IV) in Fig. 1 . It more or less confirms the existence of a non-GFR in the vicinity of pure Zr-, Al-, and Ni-phases. However, one can see a distinct anomaly in the Ni-rich region, (II), and the Al-rich region, (III). This discrepancy may be related to the kinetic stability of intermetallic compounds in these regions at the initial stage of RQ (Melting).
In respect of the dominant factors responsible for glassifi- cation, the calculations indicate that the negative heat of mixing (see eq. (1)) will be enhanced where an SRO exists in the liquid or amorphous phase, and the atomic size differences among the constituent elements induce a destabilization of competing primary solid solutions through incremental size-misfits of the elastic enthalpies (see eqs. (7) to (9)). A wide GFR appears to result from the effects of these dominant factors unless the intermetallic compounds become stabilized before and during the RQ process. Figure 5 shows the composition dependence of the calculated formation enthalpies of stable stoichiometric intermetallic compounds ∆H(Comp) (indicated by half black, half white triangles) together with those of the amorphous phase. The ∆H(Comp) values are found to be negative by comparison with the amorphous phase and the most negative value of the ∆H(Comp) is estimated to be −128 kJ/mol for ZrNiAl. The larger the difference between the formation enthalpies of intermetallic compounds and corresponding isomorphous amorphous phase, denoted by ∆H(Amo) − ∆H(Comp), the easier the transformation from amorphous phase to intermetallic compound. Such correlations may be obtained from melting points. The calculated ∆H(Comp) for Zr-Ni, NiAl and Zr-Al binary alloy systems is plotted in Fig. 6 as a function of the melting temperature of the intermetallic compounds which are derived from binary phase diagrams. An increase in melting temperature is found with decreasing ∆H(Comp) in three alloy systems. Intermetallic compounds with high melting temperature T m (Comp), for example higher than about 1500 K in the Ni-Al binary system, would provide an exacting barrier to formation of an amorphous phase. With these facts in mind, a new parameter, denoted by ∆H(Amo) − ∆H(Comp), can be introduced to describe the GFR, as shown in Fig. 7 with a compositional step of 5 at%. It has proved to be surprisingly good. The maximum value of ∆H(Amo) − ∆H(Comp) is predicted for a composition near Zr 30 Ni 35 Al 35 that corresponds approximately to the stoichiometric ZrNiAl compound. This means the driving force of the transformation from amorphous phase to intermetal-lic compound is maximized in the central portion of the diagram. Furthermore, in the Zr-Ni binary (X Al = 0) system, the value of ∆H(Amo) − ∆H(Comp) has a value of < 10 kJ/mol in the lower Ni fraction range (Ni < 0.35) but which gradually increases with increments in the Ni fraction to reach a sub-maximum of more than 20 kJ/mol at a Ni fraction of 0.60 (Zr 40 Ni 60 ). That is, the driving force for a transformation to intermetallic compounds is relatively weak in the lower Ni fraction range. The ridgeline connecting the compositional points of ZrNiAl and Zr 40 Ni 60 could be a critical compositional boundary between the amorphous-region and compounds-region, which is consistent with the experimental GFR data i.e. the boundary between (I) and (II) regions shown in Fig. 1. 
Formation enthalpies of amorphous phase and intermetallic compounds in the ternary alloy system ZrNi-Al
Prediction of crystallization temperatures T x and
glass transition temperatures T g In this section, we discuss the composition dependence of T x and T g , as the GFA of the metallic glasses is commonly evaluated by empirical parameters such as ∆T x (= T x − T g ) and T g /T m (reduced glass transition temperature). Figure 8 shows the composition dependence of the calculated crystallization temperatures of the binary Zr-Ni and Zr-Al alloys and the experimentally determined ternary Zr-Ni-Al alloys.
1)
The calculated T x values of the Zr-Ni alloys increase with an increase in Ni fraction, while those of the Zr-Al alloys decrease with an increase in Al fraction. At an Al fraction < 0.10, experimental T x values of the ternary alloys almost coincide with calculated ones for Zr-Ni alloys. As the fractions of Ni and Al increase above 0.25 and 0.30, respectively, experimental values of T x agree well with calculated ones for Zr-Al alloys. These results suggest that T x in the ternary system will be affected by interactions among the three constituent elements unless the fraction of the specific element is substantial. Figure 9 shows the composition dependence of the calculated T x values in binary Ni-Al and Zr-Al alloys together with experimental T x values for ternary Zr-Ni-Al alloys. The calculations successfully predict that the rapid transition from the Zr-Al to the Ni-Al system occurs in Al-rich fractions above 0.7. As described in Section 2.2, it is assumed that T x is controlled by formation of vacancies in the amorphous phase, including the SRO. The coincidence between calculated and experimental results suggests such an assumption is valid.
Similarly, Fig. 10 shows the relation between the calculated ∆H(SS) − ∆H(Amo) and experimentally determined values of T g 1) for the Zr 80−X Ni X Al 20 (X = 0-80) alloys along with the experimentally determined GFR covering the composition range ∆T x > 0 and the stoichiometric intermetallic compounds. Both T g and ∆H(SS) − ∆H(Amo) values show a similar Ni fraction dependence, although T g shows a slight decrease at the eutectic composition and no glass transition phenomenon is observed outside the GFR. As shown in Fig. 10 , the experimentally determined GFR includes the ordinary GFR in which no glass transition is observed and the GFR in which T g is observable (∆T x > 0). (Where necessary, T x < T g , T g can be obtained from extrapolated ∆T x data). For the purpose of this discussion, it is estimated that the composition range of the larger ∆T x (> 50 K) corresponds to the enthalpy criterion range of 4.0 < ∆H(SS) − ∆H(Amo) < 7.0 kJ/mol. Hence the enthalpy parameter of ∆H(SS) − ∆H(Amo) can predict potential for glassification over the entire compositional range of the system. 
Theoretical aspects of high GFA of the Zr-based ternary alloys
We finally discuss the possible reasons for the high GFA of Zr-based metallic glasses. For this purpose, it is very important to clarify both the individual and the combined effects of dominant factors such as the negative enthalpy of mixing, the atomic size difference among the constituent elements, and the SRO in the liquid phase, along with the tendency for stabilization of intermetallic compounds.
As in previous sections, it is assumed that the GFR is realized when the condition ∆H(SS) − ∆H(Amo) 0 is satisfied. A wide GFR can be achieved where the value of this parameter is large and the intermetallic compounds are unstable, compared with the amorphous phase, during melting and RQ. If this parameter is larger than 4.0 kJ/mol for a given composition, even a large ∆T x (> 50 K) can be obtained that will lead to the formation of bulk metallic glass. Since ∆H(SS) − ∆H(Amo) is equal to ∆H elastic ABC (ss)+ ∆H Struct ABC (ss) − ∆H topological , the increases of the elastic enthalpies, induced by the atomic size difference, and topological enthalpies reflecting the melting temperatures of the constituent elements (see Table 1 ), result in a large value for this parameter, assuming the ∆H Struct ABC (ss) in the ternary Zr-Ni-Al system is small. Similarly the SRO in the amorphous phase enhances differences in the chemical enthalpy of mixing between an amorphous and solid solution phase, leading to an increase in the parameter ∆H(SS) − ∆H(Amo). Therefore, a large negative enthalpy of mixing is the most important prerequisite to obtain a metallic glass with high GFA.
The second most important factor is the atomic size differences among the constituent elements that contribute both to the destabilization of competitive solid solution phases and to the stabilization of the amorphous phase itself, which is enhanced by the formation of SRO. In the present instance, the atomic size ratios of Zr, Al and Ni are approximately R Zr /R Ni = 1.28 and R Al /R Ni = 1.15. It should be stressed that the differences in atomic sizes, among the constituent elements that affect the various combined mechanisms, are mathematically presented in Section 2.
On the other hand, it may be noted that a discrepancy exists between calculated and experimental data in the Ni-rich region (II) of Fig. 1 . This can be explained by the fact that the parameter ∆H(Amo) − ∆H(Comp) is larger in this region as compared with region (I). As a result, the intermetallic compounds become stabilized by suppressing the formation of GFR. To explore this tendency more systematically during the formation of stable intermetallic compounds, we have introduced a simple, generalized, schematic model in which GFR competes with intermetallic compounds within the ternary alloy system A-B-C shown in Fig. 11 . Here we employ the modified electronagativity values ϕ * introduced by Miedema, and atomic radius R A (which is approximately proportional to the V 1/3 A ). Since the charge transfer upon alloying is proportional to the difference in electronegativity values ∆ϕ * between the two dissimilar elements, the charge transfer from the electropositive (largest sized) atom A to the electronegative (smallest) atom C appears large. According to the previous works based on electron-theory, [23] [24] [25] there will be a critical composition X * c at which the tendency of charge transfer between A and C changes due to electronic configurations. In compositional ranges exceeding X * c the intermetallic compounds appears to be stable relative to the amorphous phase. Therefore it is concluded that in regions labeled with a (+) sign there is a tendency to form the amorphous phase, while the regions with a (−) sign correspond to the formation range of intermetallic compounds. This trend is consistent with the compositional dependence of calculated values of the parameter ∆H(Amo) − ∆H(Comp) shown in Fig. 7 as well as with the experimentally determined GFR shown in Fig. 1. 
Conclusions
Glass-forming compositional ranges (GFR) in the Zr-NiAl ternary alloy system have been predicted using theoretical calculations based on Miedema's semi-empirical method and the dominant thermodynamic factors that influence the GFR and glass-forming abilities (GFA) in this metal glass system have been specified. Estimations of the formation enthalpies of the amorphous, solid solution, and intermetallic compounds provide quantitative evaluations of the relative thermodynamic stabilities of the competiting phases. Furthermore, the approximate estimations of the crystallization temperatures (T x ) and the glass transition temperatures (T g ) can be made using the estimated enthalpies. The results obtained are summarized as follows:
(1) The formation enthalpies of amorphous phase ∆H(Amo) and solid solution phase ∆H(SS) were calculated for a wide compositional range, and the condition of enthalpy difference parameters ∆H(SS) − ∆H(Amo) > 0 used to predict the wide GFR and Non-GFR in the vicinity of pure Zr-phase. Distinct discrepancies exist between the predicted GFR and the experimental GFR both in the Ni-rich and Alrich regions.
(2) The large negative heats of mixing among Zr, Ni and Al stabilize the amorphous phase, whereas the large difference in atomic size ratio among these elements destabilizes the competing solid solution phase. Short-range order in the amorphous phase increases the negativity of the mixing enthalpies and hence can further stabilize the amorphous phase. The enthalpy difference parameters of the amorphous phase and the intermetallic compound ∆H(Amo) − ∆H(Comp) provides an estimate of the driving energy for transformation to the intermetallic compound and allows the preferential stabilization of compounds in the Ni-rich region to be predicted.
(4) The simple criteria proposed here including the relative electronegativity of the constituent elements, enables prediction of the preferential stabilization of compounds in the Ni-rich region.
(5) Combined evaluations of the two types of parameters and the simple criteria can predict the extent of the GFR in the Zr-Ni-Al system, which corresponds closely to the experimental GFR.
(6) Experimentally determined T g values exhibit strong correlation with the estimated enthalpy difference of ∆H(SS) − ∆H(Amo). In addition, the composition range of the Zr 80 Ni X Al 20 (X = 24-36) pseudo-binary alloy that satisfies 4.0 < ∆H(SS) − ∆H(Amo) < 7.0 kJ/mol, corresponds to ∆T x > 50 K.
(7) The calculated T x values for the binary systems ZrNi, Zr-Al and Ni-Al, allow prediction of the experimental T x values in the ternary Zr-Ni-Al system when a specific element becomes enriched.
